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hflany of t h e  apl]ioachc.s  ]JIoposccl  [0 ciatc  f o r  ammnbly
~~]anlling  haVC focused on Ihc p,comc.tric  lcasoning  Of pfil}l

il)lclfclcllccs  anlong  pal 1S 10 gc.rlc.rate assclllbly  scqucncm

cfl’icicntly. 1 lowvcr,  wc find that the  physics]  Ic.moni  Iig of
il)tcrcc)l)i)cclic)Il  fO1crS (tOl(jUC.S)  rcquilc.rl  fol  l]latill~

opcra[iol)s  rilso piays  a vcly  illllmrknt  role in dclcrmilling
assc]nbly  plalll[ing.  ‘In this paper, wc Cxl)lo]c  )iicthc’ds  for

t{c.col-lll~lisllillg  physic21 rcasorlin~:  o f  illtcrl:c)llllc.ctioll

for;.cs  Icquilcd  for  assembly  ami incol})olatc  the rc.sulLs
ill!o  ihC, assc.lnhl)’  planl)ing. ‘1’hc pbysicfil  ]casonill:,  o f

illtctconnccljon forces allows  par  L lnclging f o r

subassembly idcntiflcaliol)  which helps 10 avoid many

coln~)utalions  rcquirc(i  for gcon]ctlic  reasoning and thus

cilhallcz.s  tllc Cflicicncy  of assclnb]y  plal]rlil]p,.

1 ll]tl’o(luc{ion

‘1’he approach to the problem of assclnhly  j)13nnillg  is bfi~cd

cithcl  o]l t h e  fc)rwald  scalch o f  f e a s i b l e ,  a s s e m b l y
sc.quc.nccs  [1 ] or bac!iwald  sea]ch  of assc.llibly  scquc]]ccs

i n  t h e  f o r m  of (iisasscmbly  ]JlaIll~il]:,[7,3,4].  N’o TilfitIc.r
whicl] app102ich  is Iakc.]1,  the pI-Oble.ll)  is basically  a sc.alcll

problclil  that is subject to the s a t i s f a c t i o n  o f  ccrk+in

~JICCCdCIICC  lC]atiO1lS!)i])S or illfcaSibi]ity  Collditioll$  f o r
assc]nb]y o r  disasscIIlbly  rtuc to tllc topolo~ical  o r
~,corllctrical  collstrai]lts.  C)ne app]oach  i s  to CiCvclop  a n

irltcractivc  systcm iil w h i c h  mirli  Inal quc.stioll$  arc

forl[)ulatc[i  and hasc.ci 011 the Icsponscs  of the clcsigilcr  the
spccific21ion  of prcccdcncc  rclaiiormhills  for sca Ichi I)g is
Cc)111J~]cI((I[~,6,’/),  ‘J’]!c  o(];cr ~,pplo~ch i s  to dc.vclop  a

})la]][lii]~  s)stcn)  thal c a n  do (hc au(ornatic  Ic4sollill~  of

gcolllchic  i]ltcrfc[cncc  aIlri  path  planni])g  f o r  tl)c tc.st  c)f

infe~sibility  colditioIls  f o r  a s s e m b l y  plaming  [8,9,1  0].
I Iowc.\’c.r, u s u a l l y  s u c h  :,comctric  Icasoning  is  quite

mmputationally  cxpcmivc  and the complexity may .gIow

CXpOIICIllial]y’  as the nllmbcr  of the parls  illcrc.aws.  ~nc  of
the cmlent rcsc.a]ch  is thus 10 achicvc  the. cfficicricy  by the

rncthod  such as logical  infcrcncc  to avoid unncc~ssriry  tests
[9,1  1].

111 order 10 bling the assembly planning closer  to the
rt.al  world  crlvironrmnt,  sornc other factors that affect  the
asscl~lbly  plarllling  ill addition to the gc.olnctlic  reasoning
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for pa]  t rnaiing  should  also be taken  inlo  account.  A vc.ry

ilnl~orlallt all[i practicai  f a c t o r  t o  bc collsidcrcri  i s  the

iIltcIcoIlllc.ctiorl  form or torque rc.quilclncnt  duIin: the
afsc.Inbly  opcIatioI]. ‘1’l)is  faclor  n o t  c)rlly  aff’cc{s  t}lc,

col[il)lct~]lcss  of amcrubly  c)pclation  but also the stability
problc]n  w h i c h  subsc.quclltly  will  affect  the.  assclllbly

planl)irlg.  ‘Irhc r c . s e a r c h  011 the spcciflc  p r o b l e m s  of
subawclnb]y  s t a b i l i t y  uncicr tllc  c.xistelm  of gravity  o r

cxtc.mal  f o r c e s  has a l s o  bc.cm  addl CSSCd i n  so]ltc
litclalurc.s[J  2], but the inco]polation  of this fac.t61  into the

c4)llsidc.ration  foi  t h e  ~cnc.lation  of awrobly  plall[lirtg
sc.cnlcci  slili  lark of.

‘i’his papcl  prc.sc.~ils  a  sirll~)lc  way  to lake  llIc

i]ltcIcoilllc.ctioI)  forces into accou]lt  wllilc  ~cllc.ratinfi  the
asscmb]y  p]aIlnin~.  ‘1’hc, ap])roach  f o r  gclIcrating  lhc

a s s e m b l y  pla]~nill:  is bascxi o]) tlic  ]nc.thod  ploposcd by

s .1  ,ec c~llc.d l+ackwalc!  Asscmi)ly  I’la[lnil):  ( D A ] ’ ) .  ‘J’hc

IIA1’ lllclhod  fllds the.  f e a s i b l e  awc.rl”Ihly  scqllcIlcc.s  b y

rcvc.rsin:  Ihc dismsc,  !nbly scqucIIccs  oblaincxi  tlltough  the,
lCZUl  Si\7C.  (] CCOlll]J[)SitiC  )11 S Of a l l  aSsCIIlb]y i]ltO  WI]i(i

subawclnblic,s  [1 3] .  lly SUC.11  Ijhysical  rcasol]ing  o f  t h e

ir~tc.rcol)l~cctiol~  fo)ccs fo] thf~ t e s t  o f  i~~?clcc~rll~ccli(~lt
fcasibilily, IIIUCh computatio]l cf~olk  for tlm  t e s t s  o f

:, COlllCtlic  intclfclcI]CCS  Can bc a v o i d e d  ill a(ivalicc  10
illclca<c  the plalltlillp, c. fficicltcy.

~ol)sidcr  a vc]y silnple hy~lothctical  cxanlfJlc,  in liig.l  i n

w h i c h  1’1 is COIIIICc.tCd  with P2 by ‘(lOOSC.  fit” while, 1’2.  is

inscl  tcd into  1’3  by “folccd  fit”  ai]d  a  cotcr  1’4 will bc
placrd  on the lMSC of P] arid  welded to 1)3. If wc  collsidcr

mdy llK g,coinctlic  c o n s t r a i n t s wilhol]t  Collsidc]ir  i:, llN

rcquilc(i iili CIC(~ll!lL’CijoI)  fO:CC for  i]~C aSS( Il)b])’ l~+$k,  lllOSt

Clf tile CIC\’CfOpC(i  ~SSC1llbly  j)lZ.i)iliIl~  Il)CthOdS  wili gCIIC.I~lC

lhrcc “feasible” assc.mbly  scquc]lczs  as shown in liig 2.
It is obvious that cvcm thoup,h.  sequence 1 is a fcasib]c

one, additiollal  fixlurc  o r  ho]din: clc.vice.  i s  ncrxfc.d  t o

slfibiliz.c  the subassembly {PI ,P2}to awcmblc  1’3. ‘1’his
type of ullcicsirahlc  assembly scqucnccs  maybe discadcd
aftCr the aW3111b]y  c o s t  e v a l u a t i o n .  ]~OWCVCr, if t h e

ir~tcicol]rlcction  f o r c e  ]cquircd  for  assctob]y”  ta<k is ]Iot
considered, SOJOC infeasible assembly scclucncm  maybe

gmcrated  s u c h  a s scqucrlcc  2 i n  F’ig.?..  ‘l”hu$  t h e
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jntcrconnc.ction  f e a s i b i l i t y  conditioIl  is Iu.quilcd and i s

inlporlant  bccausc  brin[~ing  paI K to their mating  positions

without any gcoIIKtIic  jnicrfcrcmc  is lmt CIIOURI].  lJsually

e.xtc.rnal  forms or torques arc ncrclcd  to cscrl  on the parls
t o  corrlplctc  the aSScrnbly  task  a n d  the intcrcor)rlcclion

fcasibili[y  will 21s0 affect  the. assembly  scqucllccso

two pails arc. conllcctc.d  through llw “corlI]c.cto~s”  such

as “}lirl”, “smcw”,  “bolt” or “Iivct”.

(4) hfixcd-~:ontact  l!ltcrcol~licclioll:

‘l’he ir~tc]conltcction  of the liaison is completed by both
applying  form 10 the ]Ial  1$ aI)CJ  by tk rcillfolccn]cnt  of

the Collncctorx.
in this c~tcgoli~ation,  SOII)C prir[$ W}]OSC  function is simp]y

to connect OtbCr parlS dlc CmllSidcICd  as cOIlnc4toIs  in<tcad
o f  prir[s  and ri(c trcatccl sc~)ardtcly  i n  awc{nbiy  rjlallnir)g.

‘ilc  reasons tc)  do such ciistinc~ion  aIc:
(J) Sometimes the.Ic aIc. lilfirly par R used as CCII,IICC~OIS  irl

an assc,  IIIbly.  ‘1’he exclusion of this kind of parls  flom

regular  par (S can ICduCL the numbc.r  of park mnsidcrcd
in mscInbly  }Jlanlling  d~dn~atical]y  which will inc  Ic.asc

the efficiency of the asscInbly  plallrli I!g.
(2.)  IIccfiusc  of the spcciflc  function of co~lnc.ctoxs,  usually

lhc risscmbly task  a n d  t h e  iIisklling  tools call  b e
considc.  Ic(i scl~aIakly  ill a IliUCh  sil]ll]lcI  \I,ray.

lJsually  parts  SUC}l  as SCICWS, blots, pins,  Ii\’cts, mm vt’clds
l~ig.  3. A hypothcti6al  assembly to illustla[c

the lrllcr(cjIlllcctioll  feasibility.

l:ig. 2. l’ossiblc  mscmbly scqllcr]cc.s  fol-
thc  asscrnb]y in ]iIg.  1.

2.1 IHkr’co))llc!c(  ion types

in o!(icr to ana]yz.c  the Icquirc(i illtclcclIlllcctic~ll  fmcc  for

irltclcollncction feasibility, \v c catcgoIi7c4 t})c

irl[crcol~rlc.ctioll  types of ]iaisol]s ir]to  four types:
[1) PuIc-C@ntac\  lrltc[colll~~’.ctio~~:

(2;

(3)

‘1’JIc illtcrcc)Illic.C:ti(Jll  o f  lhc  pa] K i s  mlnl]lctr.d  b y
simjl]y  brin:il]s lhc ]Mll$ 10 their rnalill:: JIO.Siti  O1l  al~d
ci)lltact  to e a c h  othc.r \\’ithout  cxcl  LiIlg; ally c.xtcllj~l

force to l]Ic paIh to cslablish  the il]lc.lc~)llllrctioll  such

as “1’lac~-on”  type  of illtcrcOllI~ccLic~I1.

l;orczd-(kmlac[  llltcrc<~rlrlcctio~i:
‘1’hc  intcrcc)nncc[ion  iS Cmllplc.tcd by C.XCI ling  forc~  or
torque to OIIC or bc)fh  of the park to establish the

intcrcmncction}  for iIlstancz,  the “FoIcz-fit”  type of
intcrconncc.lioll.

Mcdiurn-Clmtact  lntcrconricction:
‘1’hc  interconnection is complctc.cl  by pure contact and

some other rmdia  which arc cmlsidcrc,d  as conncctoIs

rather than a pal t in assembly planning. For cxanip]c,

‘J’hc COIC,  of 13ac.k\vald  AsscrNbly  Pla~lllin~ (13AP)  i s  tllc
pIoccss  which lr.cul.si~c.ly  i(ic.n[ifics  fin(i  selects plcfcllcrt
subassclnblic,s  c a l l e d  dircxt  subassc.nlhlies  [1 3]. III o t h e r

words,  thC l~IocCSS rCCUISi\’Cly  flTld  S lhc.  Valid CLlt:SCtS  Of tllC

liai SOl) glaj)h$  V,FithOLlt Vio]atills  Solilc. llcccssary  and
suftlcic.nt  coliditiorl.s  SUC.1)  as accessibility, interconnection

fc.asil]ility,  ~C.OnlClliC  il)lclfc)cncc  c o n d i t i o n s ,  S},ccial

pIoccss  c o i l . s t r a i l l t s  clc.  Sornc  of the.  tests of t h e . s c
corlditioms aIc v e r y  lir)]c  m~jsul]jin~,  f o r  illstallcc,  t h e

gcon~e.tric Icasoning  fc)r the inlerfcrcnce  checking. in order
tc} irlc~casc  t h e  Cff’icicllcy, thmc cmlditiorls  a r c  t e s t e d

}~icIarchic~lly.  III }IAY,  the illtcIcol~Ilcctiorl  f e a s i b i l i t y  i s
c h o s e n  t o  be. t e s t  first bccfiusc  i t  irivol\rcs  orlly  one

illdi\’idual  liaison at a time so that tllc  computation is rnuc.h
SiiilplCr  tllarl  OtllCl  tr.sts. A  prcp]occss  c.allcci  n]c]~ing

pIoccss  !O tc.st  the illtclcoli~)cctior~  fcasil)ility  is tic\’eloped
slid diicwwcd  iii l)CX! sr. clio]~. ‘J’hIou~,ll t!lis  ~~IclIIoccss,  the.
Origiw]  lifiisoi)  ~,r~])h  C~II  bc. Ilfir}sfo]ll)c.d  ir)lo a  IIIUC]l

s i m p l e r  forlll  so that thC Ilulnbcr of those Conlputationally

cxpc.risivc  tests c411 k drrtmaticfilly  rc.ductd  and iIlcIc.ase.

the cflicicllc.y  of asscrnbly  plallriiug.

3, Part Merging l’rocws

q~tc merging procc.ss  is basically tO identify each liaisorl  in
liaisorl  g[aph, CiI(A), t h a t  v i o l a t e  t h e  intc.rcorlncc(ion

fusibility condition and nlCrgcs  those parts associated with
that ]iaisoIL  ‘I”hrough this merging pICICc.ss,  thre.c  purposes
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aIC richicvc. (i:

(1) ‘1’hc  inkrconnwtion  feasibility condilio]l is tcsled.

( 2 )  ‘1’hc  gcncratcd  awmbly  sc.quc.nces  arc rc’veIsiblc.
(3) ‘]’hc liaison gIaph is siInplificci  10 increase  Cfflc.ic.ncy.

Accordinf;  to the Catcgmimtion  in section 2.1, whcthcI  or
not  the intcIconncction  of a liaison bctwcc.n  Iwo paI  Ls can
IW ccln]p]ctc,d is clctcIlnincd  by the satisfaction of follo\vin~

two con(iitions:
~o)ldit  ion 1:

IIIC fc{l rihilily  of n]qllyirtg  Old 0J)t”7  Olin<q tools f o r
iwv[olli]lg tllc cotlllcclorLv rcquirt”d f o r  [he
ill(cl’cc)rltlccti{]t; of lhc lioi.von.

CJotl{iitiofl 11:
7 /ic fco.~ib i[i[y of o~y~iying (I1C forces, while ttmintoirlitig
dlc siobiliij;  mquird for [I{c c.T[[IhliYiiwt2it of ri~c
i~ltcrcctll?l<”ctiolt.

3.].1 ‘J’c.sling  of Chndition  1

‘1’hc  [c.s[  o f  co]ldition I i s  IIccrle.d  f o r  l i a i s o n s  o f

i]]lc.]co]ll~cctidI]  types with COI~IWtOIS.  ‘1’hc  tcs[  is do]~c by
chC,c~i IIC I]IC c,~istc.rlcc of opcIk  CIIarl IICl tO thC dcsif,natcd

IOcalion,  Illrrmf,h  which  the 1001 Can operate to imtall  lhc
connc.cIoIs  witl]out  gcomctlic  intc.rfc.Icncc.  ‘1’his  c a n  be

Cmjly achic]’crl  brcausr.  of the special fcaiulcs  and ful]ctioll
of com Ic.ctoIs  and the !OOIS  nc.cdc.d to imtall  the. coIIIIcctors.
‘1’hc  alf,o]ithnl  10 test  tllc  iIllcIct)IlllcclioIl  fca~ibility  fm Ihc.
liaisoil  usill~;  comIcctoIs  is shown ill }(i~~.  3.

‘1’hc test of condition ]1 Icquircs thC TczsOIliI1.g  011 thC fOICC

p r o p a g a t i o n  to a  l i a i son  through  othc.r intcrlmdiak
liaisom,  III order to comidcr tk forcz  dclivcry  f} ITOLJ@ the

liaisons, wc classify the liaisolis  into tlIrcc  c.lasses:
( J )  Floating  l,iaisons:

A liaison is said to bc floating if there exists no physical

foIcc hO1ding lhc pa] R a s s o c i a t e d  w i t h  that liaison

top,cthcr.  A liaison of purely-coIlk3Ct inlcrconncction

type. is a fioatins  liaison.

(2.) }<i~id  1.iaisoIis:

A liaison is said to bc rigid  if thclc  cxisls  physical fore.c
hc}ldillg t h e  associatcci  paILs  to:cthcI,  CII thcIc  e x i s t s

o t h e r  medium  l ike  the  mnncctor  }Iolding  the par[s
to.gctlwr,  by which the liaison bcccllllcs  scl[-stable c.vcm

under the prcscmce  of c.xtcIilal  foIc.c-s.  For instance, a
liaisol! o f  f o r c e d - c o l l l f i c t  irllclcr)lillcctict)l  ty]Ic like
“forcz-fit”,  o r  a liaison o f Iiledilllll-c<~I~tact
illtcIcolllmclion  type l ike “ri\~ct-c41111]ccti(~lI” Inaybe

clawificcl  as a rigid  liaison.
(3)  li’cak-l<ig,i(i  1 ,iaiso]):

A liaison is  s~irl  to bc weak-Ii~,id if  t}~crc  exists a
physicfil  form llOldi  I)g lIIC associate.rl paI  [$ togc.[her, by

w h i c h  tllc liaison bccomc.s  self-slablc.  ‘~’hc  disli]lctioil
bc.twccIl  ri~id a]lri  weak-Ii~,id liaison is t?lat  under  the

prc.sc.llcr  o f  ccr lain anlou!lt  O f  exk:l 1121  folccs,  wCati-

rigid  liaison may rxhibit a“ deformation or a fIccdoIll  c)f
nlolion. l~oI cxamf]lc,  a  “lwsc-fit”  intclconncctioIt

liaison Illay  Icsult in a freedom of lnotion  if tlk: cx(cIiKIl

f o r c e  CxCCC{lS tllC IIoldill[l  fOICC  (f] iCtiOil)  bCt\\’Ccn  tllc.

t\vo  pal (s.
‘1’hc distinction  bCt\vCCII  lif;id  Hllri  wc.a}:-ri~i(i  Iiaiso]l is

cionc by spc.cifyin~  a lhrc.sllolcl, ‘1’hc l i a i s o n  \vitll  holdiI]~
fcvcc  laIg,cI tlla II Illc slwcificd  thrcsholti  i s  class iflcxi  a s
rioid liaisoI1 ot]jcI\\~isc  it is class ific.d as \vcak Iip,id liaison,t,
‘J’hc tlIIcsholci  c~n l>G spc.cificci  b y  t h e  dc.si~m.r.  l;OI
cxalll~}lc,  tl)c thIcsllolri  caIl  bc spcciflc~i  as Ihc IIlaxilnunl
illlcI(cJlll~c.ctic)l>  fc)rm lcq\liI~’d fiIilon~ all Inc. liai~olm.

3.1,3 ]JOrCC  ])c]ivp]-y ‘J’h Io~Ig]I  1,iai<oI~s

III older t o  considcl  tlw foIcc ]Iropa[:atioll  tl)lough (lIC

]iaiSO1lS,  thL~  ]OC81  frCCdCJI!l Of  Il]O[iOI1  (]~j~fl [{$ SOCiakd

with a ]iaisol) should hc, dctc.Ii]lil Rd fi]sl. ‘I’hc local frCc.(101]]

of rnotioll  Of ~ ]ifiisori Ii Corlrlcctil)g  1’1 aIICi P?,l,}<fif  (ii), is
ICq)rcsclltc.(i  by tlic  Ic]ativc  flcccion]  of IIlotion  of 1)1 ap,ai~lst
W, ot rclati\’c  ficcdoln  of II-lotion  o f  1 ’ 2  Zgainst  1’1,  i . e . . ,

ll(hf  (/i;~’l  l]]?)  o r  1/I~f (~i;]’?ll’1).  ‘]’~lC  ICSC~l C]l (~])
rictc.lmi]ling  tl)r local  frcr(!om  o f  lnotioIl  fol sc.~]firation  of

lw’o pa] IS i s  ?.1s0 all ilitclcsljrl: 21J(I  8cli\c fi(ld. ]  ots or

\VOIk,S  }la\)C.  bCCI)  (! OllC ill t])~S ?iic~<. ]ilt]li~~l~j)L’1,  \\’c.a]~.  llc)t

going to (iiscuss it iIl  detail. Ill gcliclal,  the local fIcc.doln  of

tlfinslatioIl  lliotioIl  of a part  in thlcer ciiIl]c.;  lsion  takes the.

f(u[ll  of a ccIn\’cx coric.  .
W h i l e  corlsidclin~  the intc.rconncztion  fc~sibility,  the

local  frcC4i0rn of motion of a liaison is rmt only cic.lcrIniIjc,cl

by the gconlctric  constraiIlts  hot also the ;~hysic~l  forc~
existing in the l iaison that holcis  the pa]ts.  ‘1’o ta~c I}jc
p h y s i c a l  f o r c e  i n t o  accc,ullt,  the l,};hl of a ]iaisc~rl  is
gcncraliz.cd  to include this inforInatioll.  A gcncIali~,cd  lc]cal

frccdoIn  c)f rllo!ion  (~;~t};~f)  of a ]iaison  can  bc ICpICSCIJtCd
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whc.rc lr}JM (/i;  ])l 1P?.) is the spare of possib]c  ciirc.ctioIis of

scparatio]l  of 1)1 rcrlati\’c.  t o  1’?, ciclcIInincd  b y  ~coinctIic

r e a s o n e r .  I; is lhc rcquirui  extclna]  force  or  lorquc  t o
c.stablislI  (or break) the liaison in l}lat space of dircctioIts  clf

sc.]Ja Iati Oil.  l;or a floating liaison l“: 0, for a Iigid  liaison }:
, . 03 al~d for a \\Zcak-Ijgici  liaison F = ~WhCIC  f is thC fOICC

01 torque  Ic.qui Icri  to c.s!ablish  or break  t}Ic l iaison. ‘llc

(;l,}iM  of a weak-ris,i(i liaison is illustIatcri  in Fig. 4.

(;If);Jf  (Ii; 1’1 [1’7)’ {(3.X> 50 ‘t’)> (1<3-C{  ‘)IW’)}
: {(jx, 50 lb)}

l~ig. 4. Cll,}:hi oca w’cak-li~id  liaison

Now  in orcicr to test condition 11, following (iCfiniliolls

:iIc inl Iociucc. d for l}ic.  tc. st of fcmibility  of apply  il~g.  force

Icc]uilc4i  for lhc. illlc]conl~cction  of li8isoIl  Ii.
l)cfinitiol]:  Acccssib]c  Node, A-Node

A paIi  is accc.ssihlc  if it is Icac.hablc  aI~ci  fy~spab]c  by a

tool for the asscmb]y  o]~cralion.  A IIo(ic is acccssihlc  if
arIy OIIC of Ihc pa]ts Illat foIln tllc  IImic.  is accessible.

l)c[irtilioll:  Acccssiblc  l’ath  to a node n, fi-palh(lI)

An acw.ssiblc  path 10 a no(lc.  n is a pall} stalling  floIn  an
A-node  .aIId cndins  \\’ith  the I-IOCIC.  n \vithout  hfi\;I~~~  any

other A-IIodc  in the middle of the l)atlI.  };ollowin~ arc

the pro])cI  ~ics  associatcxl  with aIl A-]]ath:
* A- IIodc  IMs fin A-]~ath to itself.
* A node n nlay  have onc or nlc)Ic.  A-paths.

* A n  A - p a t h  i s  rc]]Ic.scnlcci  by dn oIdcIcci  set of the

liaisor]s  orpfir~$  on the palh.
* lTI(i(p L’IKlc IIt A-]  J21]Is:  lW’O A-]  JZIIIS aIe.  S::id lo k

indrj]clldc!lt  if lliC~  S}I?IC  110  COII’1:1101)  ]1::]1s.

l)cfiItitioIl:  Gcnclalizcd  IIltclnzl h]otio)l  S]MCC

GIMIA-path(n)],  of an A-paih(n).
‘]’hc gcncIa]imd intc]l)al  motion space  of an A-path (Ii)

is ckfincd  as the union of the gcncraliml  local  frcc(iom
o f  m o t i o n  c)f a l l  liaisom in t h e  A - p a t h ( n ) .  ‘lhc

~c.]malizcd  i n t e r n a l  m o t i o n  space  rc])rCscI~L$  t}Ic
fic.xibility  that the configuration of pa~Ls  aloll~  tbc A-

path(n) cm bc dc.formed by an exkrllal  fc]Icc,  with fitst
par  I (coxxcspon(ting  to A-node) and last part fixed  in
spat.c. Assurnc  that an A-path(n) is rcpmcntcd  by an
ordered set  of ]iaisolls,  {11,12,...  IJ}, with li foIlllcd  by a

pair Of IIOdL’.S,  (llil,Ilj~)  ,31)d  lhat (Ilil,rli?)  is OIdCICd alc~n:

A - p a t h ( n )  i n  lhc cii  Iw!ion tOv.’d Id Il. ‘1’IW C;lM\A-
]>atll(]l)]  D ~ji= *,r ~;~~~f  (~i;lli]]l~l?)

l)efinition:  lorcr-l)cli\’cIf  il)lc A-path(Il).
]Juc to the 01 Ihogonality bctwccIl  mot ion  Space  and

force space,  a fo]m ~ can not bc (Icliwrcrl  thmu~jl  a
liaison ill tllc dilcctiolis  within the C;lJ’’M0f that  liaison

if  ~ > 1’. ‘1’hu~ a n  A - p a t h  (I~il)  i s  s a i d  to bc f o r c e

dcliwl:?b]c  to njI for the liaison  Ii of (Iljl,  rli?), if

(1 )j</[;lA~,\-path  (IIil)]  CII
(~)~~ ~;J,\f~A-pallI  (IIil)]  allci  ~< F

whe.rc ~ i s  llIc foIcc o r tolql]c  rcquiIcci f o r  Ibc

ir]tclcollrlcclioIl  Of (Iii]  ,lll?’).

JVIIII these dc.flnitiorls,  con(lition Ii for irltclconljcc[ioll

fc:isibility of a  Ii:iison  Of (l~il,l”)i?)  can  ~)~ trfill$folmcd  irllo
t h e  u n i f i c a t i o n  o f  t h e  Cxislcn(c of al I illde.]~c]ldc  Iit  forcc-

dclivclablc,  A-path  for ]lil  and l~il.

3 , 2  l;(!vwsibl(!  }fsscmbly sequellcm

As poilltcti  ou[ in the bcf,illllills,  olic. fi]Ip Ioacll  to gcliclatc.
t]lc :NSCIllbly  SCqIICIK1s i s  t o  fil)d Ihc disasscrllb]y

scqucnm  o f  a ~,i\’cIi assclnbly  allci  Icwlsc.  i t .  llowc~w,

tl~iS  lCVCISill:  ~)10(’CSS  tO :, CIICldi  C aSSClllb]y SC(lUCllC’C iS IIOt
always  coIjcct. III o t h e r  woILis,  Ihc Ic\clsing  o f  soJiIc

possib]c  disa<scrnl)ly  sc.qucnccs aIc n o t  f e a s i b l e  asscII~bly

scqucims. ‘l’hc< s2111c.  situation hHp]Icns \vhcrc  lhc rcvc!si  Iig
o f  s o m e  f e a s i b l e  assc IIlb]y  sc.quc,IIcc.s  arc riot fcrisib!c
(iisassci~lbly  sccl~lcllccs.  l~i~. 5sl~o\\rs  tllcsi  Tl~]]lc cx:i11-l})lcc)f

t]lC.SC iIICYCl  Sill] CSL:(]ll(:llCCS.  ~:i~.  ~.a Sll(l\\rSa  CXalllil!C~  hat

ai>ossil)lc  (lisasscl)  llllys(:cj~lcrlcc.  fc)rtllis:t  \sciill~iyisl'l  ->
P4 ->1’2-> K+ hut tllc Ic\Tc  Isc  of Il]is disassc!nbly  scqucIJcc

is not a fca\iblc  awc.rnbly  bccII\lsc.  of the illtc.]cc)Iirlcciic)ll
illfc;  i~il>ilityl  lct\\’cclll’l  :Ir Ifl SLIL~aSSC.llltJly  {l)l,l’2,1>3}.  l:ig.
s.b showsa fczisil>lc  assc.ll]LJl}’  sc(]~lc.Ilcc. :isl).3->  1’2.->1)1

bu[ the IcvcIsc  is no! a fcasib]c  ciisassclijb]y  scqucllcc  duc

t o  tl~ci  IlfcasiLJilityt  odisc<)llllcct  1’1 \\itlltllcslll>assclllbly
{1’?,P3}.

AI] asscn)bly  or d i s a s s e m b l y  scqucIKc  i s  ca]icd

lcvcrsiblc  if its Ic\wIsc  is :4!s0 a fca$ih!c  (!ismcInbly  o r
a$S(’l  Ilbly S(C!\lCi~C~C. ]t \YOU!(i  ~)C IllUCh II101C Cffl CiCIl! if thC
fcasil)lc  ?.~SCli)l)i~  SCqUL’lJCL’S  ~Cl]C’]ttCLi  l)Y all ~~SC1l’I!lly

]]laIllwr ZIC Ic.\LI\Itllc bc.czuse  ail Ihc fuasib]c  diszssclnhly

can easily  be Oblainc(i  a[ lIK smnc  tirllc.  by Ic.vc,rsirlg silnp]y
thcassc.lnbly  scclucnc~.s.  A$ tllccxaIll])lc  sl)o\\’llil~l(ip,.  5,

bccausc  o f  the  lack  of considcialion  of ir)tcrcc)r-lllcctioI~

feasibil i ty iIi assc.rIlbly  plalll]ing, the assembly scqucIIccs

gcncrfitcd  by most of llm plcscnt  cicvclc)pcd  mc.thods  arc

n o t  all Icvc.Isit~lc.  i n  order  t o  gc.lmratc  all rcvc.Isiblc

ascmbly scqucn(cs, t h e  illtcrCOllllcctiOII  f e a s i b i l i t y
c43nciitioIltc.st is~cIlcraii7cd  Ioincludct  hctcstsof  notonly

tbc  feasibility of cxmnccticm  but also disconnection of a
]iaisc)n. ‘ l ’ h i s  gcIlc.Ializ~tion  Mn silnp]y  bc. ac.hicwd b y



mmide.rin~  the rcquir’c,d  connc.clion and  d i sconnec t ion
fores at tlw same lirlm where  Ihc  folccs  am simply of the
same an~ouI)t  and in opposite dire.c[ions. lJy con$idcring
both the cOllnc.ClioIl and discollllcc.tic)n  form fol  the test of
i])tcIconncclioI}  feasibility, the gcrwratcd  fe.asiblc  awmlbly
scqucl~cm  in ]] Al’ arc  all ]cvcIsiblc.

l’uIc-c:olltact  lnlcIccJnncction,1 ,

l:orccd-~onttict  i]]tcrc(~l]]llctio]l

];i~. 5.b An Cxalllp]c,  to sho\v  the i] IcvcIsiblc,
awcmbly  sc.qucnce.

3.3  Merging  ]’rjIlcj])]C!

‘J-hc proof is illtuiti\ ’C.

(p]) ]:or a forced or mixed  COIllfiCl  liaison, if rli~ aIxl ]]i~

arc in(crconncctioll  fC~Sit~]C  duc !0 SOIIIC  Other par Ls
outside IIIC A-pallls  of 11~1  and Iii?,  then IhC force.s
re.quiTcd  for the ink IcorlOccii  OIl IIlust bc propa~,atcd

from SOIIIC  A-IIOdCS  t~~ro~lgll  these park to r~il  and
]liz  iri(lc]~cr~de.I~tly. ‘1’hus  these.  path  will  forln the

irrdc.pcndcnt  force dcli\rcIablc  A-paths for rlil and

Iii? .  ‘J’hiS ccmlradicts  to thC a~surnption  that  there
mists  no force dr.li\’crablc  A-])a  IIIs for nil c)r ]~i? or

110  ill(iC])C.Il(iCIlt  fOICC  dclivcIabic  A-])?tllS  f O I  IIi] aIl(i

hi?.
(y?) SiInilarly,  for a puIc  or lncdium  coIllfict  liaison, if

]~il  and IIiz ate iIltc.lcc)lillcclioll  feasible dllc  to sOI~Ic

other pal  LS oulsiclc  the A-paths Of IIil  and IIi?j  thcll
the folcc:s  required for tllc.  iI~lcIcc)llr~cctic~]~  mu$t bc

propa~atcd  flom soIIIic A-nocics  through tl}csc  paILs

!0 CitllC.r  Ili~ Or Iliz.  ‘] ’IIIIS thCSC ilfil  [S Nrili  fCIIIll  at iCaSt

onc force dc.livcrab]c  A-IJ?III  for n;]  01 ]~i2.  “1’hk  also
Contiadic.ts  the asslllnption  that thclc  exists no force
clclivclablc  A-paths for Ili~  an(i  II;?.

froln  (pl ) ail(i  (y?),  the ]]lincip]c  is lIIovccl, u

T h e  rnclp,ins  pliIlci])lC  is tllc sl~fficicllt  cOI~dition  for tllc

illtc.rcoIlllcclioll  feasibility test. 1 lo\vcvcr,  the IIccRssaI  y
coIidition  is not  al\vays ttuc. II) othcl  \voIds,  the cxistc.ncc

O f  il~dcpc]ldcnt  fOrcC  dc.li  J’c Iablc A-]~atl~\ for  I~il  aI”Kl  I~i~
does not gua]aiitcc that the gcncrali’ml  il]tc.rconlmtion  of
Ili~  and ni~ alc feasible.. 1:01  CXalH~)lC,  in l:ix. ~, th~l~ cxisls
illdcpcnclcfnt foIcc clcli\clablc  A-pfit]m for both 2. and 3 fc]r

the disconTlcctioll  of I (?,3), say (1 ->?),  (4->3). 131!! due to
t h e  f o r c e  bct\I:ccn  2, 5, znd 3, 5 ,  ? .  and  3 CaII Ilot bc

disconnected. GcnCrAily  s]wakinp,  the nccf.ssary con(iitioll

for the lncrg,ing  principle iS not tI uc if consider the whoic
sLlbassc.Inb]y  glOba]]y.

Althou@~  t h e  Imginfi  plirk’iplc.  is  oI~ly tllc sufficicl)t
condition foI the intcxcxmncciion  fcasibilily,  usually it is
sufficicrlt  to ciiminatc  quite a fe.\v  ctlt-scls  of the liaison

p,mph at c.ach stage duIing awcntbly  ]]]anlling.
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}~ig. 6. An example to show the nczcssary
condition of mcr&ing  principle is not true.

A process called me,rgirlg procms for t h e

intcrconncctioI)  f e a s i b i l i t y  t e s t  f o r  all !)rpcs  o f

intcrcormcc(ion  is dcvciopc.ci.  ‘1’hc  algoriihrn  is summarim.d

3’



l~ig.  “/. Merging process  for illtcIco]lllcc[ioI]
fcasihility Ic.sl.

,1

Af(cr  this jllc.rp,il~fi  process, those pal-is that can  not be

cmnncctcd  or disconnected \vill  k mcrp,cd to~cthc.r  to fo~ln

a vir[udl node  C311cxi  sulx.1 IKKlc.. ‘1’here.af(cr, the Orip,i  nal

l i a i s o n  fiIaph  can  bc tIfimsfol InCd into  a sim~llificcl  f o r m
with r~?uc.h  lCSS number ofsupcmodcs.  A pIaCti  CXIl  c.xaInl]lc
f o r  tlIis Incl~ill~ l>roccss  iS illustlatcd  aS t)Clov.’.

A SCI vo-~nolor  assc.mb]y  and its liaison glapll  arc shown

i n  l;ig. 8 a n d  h’ig. ~). III O r d e r  10 illustl~lc  thC lncrp,ini~

l)lirlcil)lc,,  ICls cojmidcr  1]s (PS,PI ? ) :

A-patlIS(l)8):  {(P2->1’8),(P1  ->1%)},

GIAf~fi-~):4tlls(}  ’s)]: {(-7.,0),(4 7,0)};
A-pa  lhs(l)l  2)={(3’1  ->1’1  ?,),(1’2->1)1 2.)},

C;lM~A-palbs(Pl  2)]:-  {(+  7,5gw),(-7,7p,\  v)};
AwuIIIc~(H  5)= ?gw for conncc.tioIl  a]d  ciiscanncction

Ihcn  f(Ps)=  @.7?, ?g,w),  f(l’1 2): ~ 7/,?gw).
~ill~cj(]~s):  (+ Y,,?, S,}V) c C;l,if[(A-pat}ls  (l)8)] aIl(l  2?,vJ>()

llIIIS  l’s lM$ 110  fc>Icc-(lcli\cralllc  A-pallIs.  ‘J’hus 115
violalcs  the  iniCICO1l  IICC[iOIl  I_casibility  iCSl  211d  PS zlId
P)?. alc IIIcI~crl  togclhcr.

l~o]lowing  the salnc rna]gining process ,  those .  node .s
associritc.d  \vitb tlm liaisons that violate thC iIltcrcoIlncction

feasibility kxt  are all merged Icyyther.  ‘l’he srrpcrnodc.s
fori[ml  aficr the Incrging process is shown  in I’ig. 1 (3.

4. ConlpIcxity

IIccause in general Ibc liaison gtaph C)f an asscnibly  with n

parts  c a n  IEIVC  0(2”)  c u t - s e t s ,  t h e  w o r s t  CASC tirnc
Conlplcxity  of the rcc]uircd  gcornct]ic rcaso]li]ig  is ~(?,”).

~’hc gcoInctriC  rcasoniI~g  of cac}l  c~lt-s~ts ~lsually iII\’olScS
loc~l frccdo)l]  of n)c)tion  and @Obal  path coIlstIaiI]t  tests.
‘l”}Ic  worst  cssc  of tiICiC  conlplcxity  f o r $obal  tc.st for all

critical directions for all cmltacts  is cJ@ ). ‘1’hus  the worst
Msc  time mnplc.xity  without  aIly p}lysical  rcasoIling  will

bc 0(N42?).  N o w lC(S c o n s i d e r  t}~c  c.otoplexity  a f t e r

physical  rcasonins. ‘J’hc n~aximum  mmbcr  of liaisons of a

liaison graph  wilh  rI par K is n(n+ J )/2 which is C@’). ‘J’hc
time cnmplcxity  for the intmconncclion  feasibility tc.st  of
c.ach  liaison is @’) for finding all the, pcmsib]c  A-paths.
then the worst cmc tilnc complexity of InCI~illg  proczss  is

0(N4).  Awumc  after nlcrging  ~JrOCfss,  the Ilumbc.r  of Ilodcs

is m, then the wolst  C~SC tilnc  coInplc.xity  Of gconlctiic

rc.asoning  is C)(AT’12~’C)  \vhcIc c: n.lm. ‘J’hus the worst case
tilnc  c o m  >Icxity  b y  using t h e  nlcIging  procxxs  i s

k,~(N”f+ @, k)

l~ronl Our  CX}lCIilllCIlt,  the. value of c is usually fycalcr
than one. ‘J’hc /iTnc coln~~lcxity  is IcliIIcc.d by ri cxponc.r]tial

factor  c for p~yinc  only polynoInia! tirnc  coInplcxity.  IFor

c.xamplcj  af[cr  Ihc nwl~~,in~  process,  tllc  oIig, illal l iaison
gIaph of the servo-mtor can bc tramfollmxl i~lto a very
simple forlo called abst  Iaci liaison grald~,  ~il ,(A), :is shown

in l;ig. 10. ‘1’hc nurilbc,r of node. s of the oIiSinal liaison
~,iaph is 13. ‘J’hc  ll~!nlbcI of rmdcs of ?.+l  ,(A) is now  5, i.e.,

c: 13/5:  ? . .6.  }{oughly  spcaki  IIfl, the ~cquirc{i  ~con]chic

rcasonin~  is Icduccxl  flo)n 2 13 to 2s liIllcs.

1’1

1’10
}’6
1’5
1)4

1)1 4

Fig. 8. An cxp]odcd  view of a sclvo-motor  assembly
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l:i~. 9. J .iaison gIaph of the sc~vcr-nmtor assc.n)bly.

5. Conclusion

i n  ll)is pri])cT,  the physicxl  lcfisonins of intCICOnnCCtiOn
fo]ms is co]lsidc]cci  and incopo]atcrt  w i th  a dcvclopcd
msc.]llbly  j)lril]ning  ]llc.li]od c a l l e d  backward awc]nbly
])lal]l)i]~o  Wiih t h e  p h y s i c a l  Ic8soni  IIg of the rcquilcd.>.
iI]tcIcc]]lI)cc[i(Jrl fo]ws,  II1311y c[l]ll]jllt:itiollfilly  cxpcmi~’c
p, COln C::iC rciso]]i]l:: c:!il t)c a\ OicimJ  in adv~r!rz  10 inc]caw
Ihc C1’!icicr’l(y o f  tl)c. asscml)]y plfi])n  i]]:,. Also by
Comiclc.liilfi  the ~cI)c.Iali?c.ri  il)lclc4)llI)t.clioll  feasibility, lIW

asscmhly  p l a n n e r  call gc.ncl-atc ]evcrsiblc  zssclnhly
srxiLIc.  IIccs for both assclllbly aIIci  ciisassclnb]y  p18nni  Ilg,. Of

couisc  with the Comsidc]ation  of fo]ccs  factor ciuling
a s s e m b l y  task,  the risscmbly planning is bIought  ]nuch
clmcr  to the Ical cIWiroJm)cll(.

‘1’IIc rcscarc}l  dcscrihc(i  iIl this ],apcr was c a r r i e d  o u t
in  part I>y t}Ic Jet. l’ro~)ulsion  l a b o r a t o r y ,  California  111-
stitute  of ‘1’ccllno]ogy,  urldcr  a contract with t}lc National
A e r o n a u t i c s  a~ld Sl~ace Adrninislration,  and in l,art by

t h e  U1livclsity  of  Soutllczll  Caiiforllia,  spollsorcd  LIY t}lc
N a t i o n a l  Scicncc  l’oullclaticlll under grant CI)l(-87-17322

and the il,dust~ial  IIlciiit,cls  of llf AR.
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